Controversy exists regarding the relationship between tissue iron levels and resistance to infection. There is some evidence in man that iron deficiency protects against bacterial infections (Masawe et al., 1974) . On the other hand, Masawe et al. (1974) showed that there was an increased incidence of malarial attacks after iron therapy and other workers (Caroline et al., 1969; Fletcher and Goldstein, 1970) also demonstrated an increase in infection after iron therapy.
There is less controversy surrounding the relationship between protein deficiency and increased susceptibility to infection and, in fact, the synergystic interaction of infection and malnutrition is well recognised on the basis of clinical observations and epidemiological data (Scrimshaw et al., 1968) .
The preceding observations are related primarily to bacterial infections and little work has been done on the relationship between iron and protein deficiency and infestations of the gut with nonbacterial parasites. Gastrointestinal helminthiasis is the commonest cause of iron deficiency anaemia when considered on a global basis and it has usually been assumed that the iron deficiency is secondary Received for publication 28 September 1976 to the worm infestation. As protein and iron deficiency commonly coexist with heavy worm infestations, it may be that these nutrient deficiencies potentiate the infestation, thus explaining the lack of success of some worm eradication programmes.
It was therefore decided to investigate the association between iron and protein deficiency and gastrointestinal helminthiasis using an animal modelnamely, rats infected with the nematode Nippostrongylus brasiliensis. During the course of a primary infestation with this parasite, subcutaneously inoculated third stage larvae migrate from the skin and subcutis through the lungs to the oesophagus and on to the small intestine where they mature sexually and begin to produce eggs about five to six days after infestation. During the period six to 10 days, adult worms in the small intestine elicit a marked inflammatory reaction, particularly in the duodenum and jejunum. Between 10 and 16 days more than 95 % of the worms are expelled from the gut by a complex multiphasic immune response (Kelly and Dineen, 1972 Effect of iron and protein deficiency on the expulsion ofNippostrongylus brasiliensis
Methods

PARASITE
The procedures for culture of N. brasiliensis, preparation and administration of infective larvae, and estimation of worm burdens have been described (Kelly and Dineen, 1972; Love et al., 1974) .
PREPARATION OF NUTRIENT DEFICIENT ANIMALS
Four week old Wistar rats were weaned onto a synthetic diet (Bolin et al., 1971 Effect of iron deficiency on worm expulsion Forty-eight rats, divided into eight equal groups were infested with 1500 third stage larvae of N.
brasiliensis. Rats in groups 1-4 were iron sufficient, and those in groups 5-8 were iron deficient. Animals were killed at nine, 15, 21, and 28 days after infestation for estimation of total worm counts, haemoglobin values, and for assessment of degree of antibody initiated damage to worms and histology of jejunal mucosa. EXPERIMENT 2 Effect of iron repletion on worm expulsion The experimental design was similar to that described above, except that there were three dietary groups, each of 24 animals-that is, iron sufficient, iron deficient, and iron replenished. In a preliminary study it had been found that haemoglobin levels in iron deficient animals returned to normal three to four weeks after intramuscular iron therapy (unpublished data) . Hence, the time of iron replenishment was chosen to be two days before infection, based on the assumption that tissue iron stores would have returned to normal while haemoglobin values would not have changed, the animals remaining anaemic. Therefore, two days before primary infestation with N. brasiliensis, each animal in one of the two iron deficient groups was given 5 mg iron dextran' intramuscularly, this becoming the iron replenished group.
EXPERIMENT 3
Effect ofprotein deficiency on worm expulsion
The experimental design was similar to that described for experiment 1, except that rats were given a primary infection of 1000 third stage larvae. There were two groups of 24 animals, one being protein deficient, the other protein sufficient. EXPERIMENT 4 Effect of iron and protein deficiency on worm expulsion The experimental design was similar to that for experiment 3 and consisted of two groups of animals, one being iron and protein sufficient, the other iron and protein deficient.
Results
EXPERIMENT 1
The results are presented in Table 1 . There was significant delay in the expulsion of worms from iron deficient animals as evidenced by the highly significant number of N. brasiliensis remaining on days 15, 21, and 28. On day 21 all but eight worms (99-2 % rejection) had been expelled from the iron Table 1 ) remained in the iron deficient group. In addition to the delay in expulsion, there was also a change in the distribution of the worms. In control animals, the infestation was confined to the duodenum and upper jejunum, whereas in the iron deficient animals worms were found throughout the small intestine.
The degree of antibody initiated damage to adult N. brasiliensis was similar in both iron sufficient and deficient rats at all times throughout the infection period. For example, the ratios of damaged to normal worms on days nine and 15 were: 30:70 and 82:18 respectively in iron sufficient animals, and 26:74 and 88:12 respectively in iron deficient animals. Throughout the course of infection, animals in the control group had mean haemoglobin values of 17-2 ± 0 7 g%o, while the iron deficient animals had mean haemoglobin levels of 7-5 ± 0-6 g%.
EXPERIMENT 2
These results again confirm that iron deficient animals have a significantly slower rate of worm expulsion when compared with iron sufficient controls ( Table 2 ). For example, on day 21 only one worm was found in the iron sufficient group, there being 98 worms in the iron deficient animals and five worms in the iron replenished group. Animals in the iron replenished group behaved in a similar fashion to the iron sufficient controls even though their haemoglobin values had not returned to normal. The mean haemoglobin values were 16-6 ± 1-5 g% and 6-8 ± 2.5% for animals in the iron sufficient and iron deficient groups respectively. In iron replenished rats haemoglobin values at days 15, 21, and 28 were 12-8 ± 0-6 g%, 11-7 ± 0 5 g% and 14-9 ± 0 9 g% respectively (Table 2) .
EXPERIMENT 3 The results demonstrate a delay in expulsion of worms from protein deficient animals. The animals remain infested up to the completion of the experiment at day 49. Evidence of protein deficiency is shown by differences in body weight and mean serum albumin (Table 3) .
EXPERIMENT 4 As can be seen from Table 4 there is a significant delay in worm expulsion from rats which are both iron and protein deficient. The worm burden was greater than that seen in the presence of iron deficiency alone or protein deficiency alone and thus the effect of combined iron and protein deficiency would appear to be additive. On assessing antibody damage to worms it was found that ratios of damaged to normal worms were comparable in both the control and iron/ protein deficient groups.
Effect of iron andprotein deficiency on the expulsion of Nippostrongylus brasiliensis Mean serum 2-7 4 0 2-4 0 p < 005 albumin (g/dl) *Data transformed logio (x + 1) for analysis by Student's t test.
HISTOPATHOLOGY
Animals in both control and iron deficient groups developed changes of partial villous atrophy in the presence of worm infestation. The mucosal changes returned to normal in both the control and iron repleted groups as N. brasiliensis was expelled. However, the mucosa remained abnormal with persisting partial villous atrophy in the iron and protein deficient groups. This was related to the continuing worm infestation.
Discussion
The mechanism of expulsion of adult worms in the small intestine has been extensively studied in the case of infection with N. brasiliensis in the rat. At the specific immunological level, both antibody and cell-mediated components have been implicated and, in addition, bone marrow cells and endogenous mediators of the inflammatory response may play crucial roles. Immune rejection of adult N. brasiliensis from the intestine of rats can be categorised into at least a three-step process. In the first step antibodies initiate morphological and biochemical damage to the worms (Ogilvie and Jones, 1968) , which then become susceptible to the second and third steps for which sensitised lymphocytes (Kelly and Dineen, 1972) and a bone marrow derived component (probably of myeloid origin) are required Kelly et al., 1973) .
The rejection of N. brasiliensis adult worms is accompanied by an acute inflammatory response in the gastrointestinal tract. This would suggest that various mediators of inflammatory reactions, such as histamine, 5-hydroxytryptamine and prostaglandins may play important roles in worm expulsion. So far the evidence that a myeloid-amine response-that is, mast cells, eosinophils, histamine, 5-hydroxytryptamine-is involved is controversial . Recent studies have suggested that prostaglandins, in particular PGE1 and PGE2, rather than amines are endogenous mediators of expulsion . However, the precise nature and sequence of events linking immune lymphocytes, bone marrow cells, and prostaglandins in the mechanism of expulsion is unknown.
Using the rat N. brasiliensis system it has been shown that iron and protein deficiency potentiate worm infestation in the gut and in the case of iron deficiency this effect can be overcome by iron replenishment even though haemoglobin values did not return to normal, the animals remaining anaemic. The present results show that the antibody initiated damage to worms remains normal in both the iron and protein deficient animals and indirectly suggests that the defect in worm expulsion may occur at the immunologically non-specific third step involved in the synthesis, release and/or action of the nonspecific endogenous mediators of worm expulsion. Wells (1962) found significantly fewer eosinophils in the duodenal submucosa of protein deficient rats and also found the histamine content of the small intestine to be significantly higher during the latter stages of infection in these animals than in protein sufficient controls. Thus, protein deficiency may affect the myeloid-amine response. Further work is clearly needed to define the mechanism whereby helminth infections are potentiated by iron and protein deficiency and whether other deficiency states play a similar role. Ferguson and Jarrett (1975) suggested that normal T cell function was necessary for the production of the mucosal lesion of partial villous atrophy. The finding of similar degrees of partial villous atrophy in control and nutrient deficient animals in this present experiment would therefore suggest that T cell function was normal, if the hypothesis of Ferguson and Jarrett is accepted. Their animals, however, had undergone thymectomy and been given a lethal dose of radiation before infestation with N. brasiliensis. It is therefore difficult to relate the results of this present experiment to that study. Furthermore, there is an increasing body of evidence in man showing impairment of the cell mediated immune system in the presence ofboth iron deficiency (Joynson et al., 1972; Chandra and Saraya, 1975) , and protein deficiency (Smythe et al., 1971; Chandra, 1972; Neumann et al., 1975) . The defect present in protein deficiency is reversible with adequate nutrition (Law et al., 1973) .
It is of interest that the study by Neumann et al. (1975) in Ghana demonstrated depressed cell mediated immunity which was directly related to the severity of the protein calorie malnutrition, and this in turn was associated with an increased prevalence of bacterial infection. Furthermore there was a tenfold greater prevalence of Strongyloides stercoralis infestation of severely malnourished children, even though the infestation rate of other worms was comparable in the severely malnourished, moderately malnourished, and control groups.
If one can extrapolate from the results of the present study to the human situation there may be important therapeutic implications. Iron and protein deficiency may play an important role in the perpetuation of helminth infestations. Thus to be successful, antihelminth therapy should be accompanied by iron and protein supplementation.
